The molecular event governing the assembly of the MHC class I heavy chain-β 2 -microglobulinpeptide complex is still not fully understood. In order to characterize the transport properties of MHC class I molecules, several truncated H-2K b genes were constructed and expressed in COS7 cells. Surprisingly, the expressed soluble molecule containing connecting peptide ( CYT -GFP and mK b -GFP, it is reasonable to deduce that the CP segment is involved in the association of class I molecules with calnexin and the transmembrane region might play a dynamic role in the dissociation from calnexin. The suggested kinetic association of class I molecules with calnexin is likely to contribute to the different maturation rate between several class I alleles.
Introduction
The role of MHC class I molecules as indicators of intracellular protein transport is reflected in their molecular design which does not allow them to leave the endoplasmic reticulum (ER) unless they have completely assembled to form class I heavy chain-β 2 microglobulin-(β 2 m) peptide complexes (1, 2) . While the critical elements of the class I presentation pathway have been defined, the molecular event governing the assembly of this complex is still not fully understood. There are a number of unresolved issues surrounding the interaction of assembling class I molecules with calnexin, an ER type I transmembrane chaperone. It was suggested that oligosaccharide residues might serve as substrates for calnexin binding. However, unglycosylated class I molecules can also bind calnexin (3) . As a chaperone, calnexin facilitates folding of the nascent heavy chains and promotes assembly of heavy chains with β 2 m. Surprisingly, the assembly and function of class I molecules appear to be normal in a calnexin-negative cell line (4) . While the lumenal domain, transmembrane region and cytoplasmic tail (CYT) of calnexin have all been shown to play a role in its interaction with various targets (5-7), the identification of the class I domain which determines the interaction with calnexin remains controversial (8) . Previous experiments showed that a glycophosphatidylinositol (GPI)-linked Q7 b class I molecule was associated with calnexin, whereas a soluble Q7 b isoform was not calnexin associated. These results implicated that the 9 amino acid fragment, connecting the α 3 domain with the transmembrane region, might be the site of interaction with calnexin (3). However, direct evidence is still lacking. On the other hand, studies using soluble calnexin suggested that the transmembrane domain might be important in the interaction of these integral membrane proteins (6) .
To investigate this problem, we generated two modified K b cDNAs from which both the transmembrane region and the CYT were absent. One construct, sK b CP , contains the connecting peptide (CP) segment following the α 3 domain of K b and the other replaces the CP segment with terminal CYT sequences of the same length (sK b CYT ). Both engineered soluble K b molecules were expressed in COS7 cells and the calnexin-deficient cell line CEM.NK R . Unlike sK b CYT , the secretion of sK b CP was almost blocked in transfected COS7 cells, suggesting that the CP segment is directly involved in the association with calnexin. However, the behavior of membrane-anchored K b molecules implies that the transmembrane domain of heavy chains may regulate the calnexin dissociation. The unexpected role of the transmembrane domain was further confirmed by the retarded transport of integral membrane K b tagged with green fluorescent protein (GFP) at its C-terminus. The intracellular status of various GFP-tagged versions was analyzed quantitatively by immunofluorescence precipitation (IFP). The suggested kinetic association of class I molecules with calnexin is likely to contribute to the different maturation rate between several class I alleles.
Methods

Construction of truncated and fusion genes
Full-length H-2K b cDNA was cloned from the splenocytes of C57BL/6 mouse using RT-PCR. The forward oligonucleotide primer (mKb5), 5Ј-TAGGATCCATGGTACCGTGCACGCTGC-TCCTGCTGT-3Ј, includes a BamHI site (underlined) upstream of the initiation ATG codon, and the reverse primer (mKb3), 5Ј-CGGTCGACTCAAAGCTTCGCTAGAGAATGAGGGTC-3Ј, introduces both a HindIII site and SalI site in the flank of the termination TCA codon. The H-2K b cDNA was cloned into unique BamHI and SalI sites in pBluescript II SK ϩ plasmid (Stratagene, La Jolla, CA), generating pBluescript/K b followed by sequencing to confirm its identity. For the fused K b -GFP construct, the GFP was first removed from phGFP-S65T (Clontech, Palo Alto, CA) with HindIII and XbaI, and then cloned into pBluescript/K b digested with the same restriction enzymes. Thus the termination TCA codon of K b was excised and the GFP was fused in-frame to the 3Ј end of K b coding region. For transient expression studies, pcDNA3/K b -GFP was generated by inserting the K b -GFP fragment of 1.8 kb into BamHI-XhoI digested pcDNA3 (Invitrogen, Carlsbad, CA). One soluble form of K b , sK b CP , was amplified by PCR using mKb5 and another 3Ј primer (sKb3), CGGTCGACTCAAAGCTTGTTGGAGACAGT-GGATGG, which includes the same enzyme sites as mKb3. The PCR product, with a stop codon inserted at 1003, encodes a truncated K b molecule from which both the transmembrane region and CYT were absent. The sK b CP -GFP fusion gene was constructed using the similar method as mK b -GFP. For another soluble form, sK b CYT -GFP, a pair of overhang primers was designed. The 5Ј primer (CG5), GTTCATGACCCTATTCTCTA-GCGAAGCTTGCCGCCACC, encodes a portion of terminal CYT residues and the 5Ј end of GFP, and the 3Ј primer (SC3), CGCTAGAGAATGAGGGTCATGAACCATCCATCTCAGGGT-GAGGG, contains the sequence for the 3Ј end of α 3 domain of K b and a portion of terminal CYT residues, an overlap to CG5. The PCR products of mKb5 ϩ SC3 and CG5 ϩ GFP3 were mixed and spliced by overlap extension. The GFP-untagged version, sK b CYT , was then directly amplified with primers of mKb5 and mKb3 using sK b CYT -GFP as template.
Cell culture and reagents
Transformed simian cell line COS7 and calnexin-deficient cell line CEM.NK R (generously provided by Dr Peter Cresswell, Yale University) were maintained in DMEM (Gibco, Gaithersburg, MD), supplemented with 10% (v/v) heat-inactivated newborn calf serum (Gibco). EL4, Jurkat, TAP-deficient cell line RMA-S and hybridoma cell line secreting anti-K b mAb AF6-88.5.3 (Ig2a) were obtained from ATCC (Rockville, MD), and cultured in RPMI 1640 medium (Gibco) containing 10% (v/v) fetal bovine serum (Hyclone, Logan, UT). Media for all cultures routinely included 2 mmol/l glutamine, 1 mmol/l pyruvate, 100 U penicillin and 100 µg/ml of streptomycin. All cultures were maintained at 37°C in a 5% CO 2 humidified atmosphere.
DNA transfection
COS7 cells grown to 60-80% confluence on coverslip in a sixwell culture plate (Nunc, Rochester, NY) were transfected with 1 µg of recombinant pcDNA3 plasmid using 8 µl of Lipofectamine reagent (Gibco) per well, according to the manufacturer's instructions. Briefly, COS7 cells were incubated with a DNA/ Lipofectamine mixture in serum-free media for 6 h, the media were replaced with complete media and the cells were analyzed 48 h after transfection. For suspension cells, like EL4, Jurkat, CEM.NK R and RMA-S cells, the transfection was performed by electroporation (250 V and 960 µF; GenePulser; BioRad, Hercules, CA) because of its resistance to liposomemediated transfection.
ELISA
The concentration of recombinant proteins in supernatants was analyzed by ELISA. Primary antibodies used to coat PRO-BIND plates (Falcon, Franklin Lake, NJ) were mouse anti-human β 2 m or rabbit anti-mouse β 2 m (PharMingen). Supernatants (100 µl) from transfected cells were incubated for 1 h at room temperature. Plates were washed extensively and incubated with AF6-88.5 for 1 h. After extensive washing, plates were incubated with horseradish peroxidase-conjugated goat anti-mouse IgG (100 µl of a 1:1000 dilution; Sino-American, Shanghai, PRC) for 1 h, washed and developed with 3,3Ј,5,5Ј-tetramethylbenzidine dihydrochloride substrate for 10 min. The reaction was stopped with the addition of H 2 SO 4 (1 M) and absorbance was read at 450 nm.
Fluorescence microscopy
Cell samples were plated onto 35 mm dishes containing a centered glass coverslip. Microscopic evaluation of GFP expression was carried out by direct observation of living cells using a fluorescence microscope equipped with a FITC filter and a xenon power supply (Nikon). For laser scanning confocal microscopy, cell monolayers grown on glass coverslips were analyzed in a laser scanning confocal microscope (Zeiss LSM510) equipped with a 488 nm argon. To detect the expres-sion of K b on the cell surface, indirect immunofluorescence was performed with mAb AF6-88.5.3 (Ig2a). A phycoerythrin (PE)-conjugated anti-mouse Ig (Sigma) was used as secondary antibody. Antibody incubation was performed at 4°C for 30 min, and cells were washed 3 times between applications using PBS containing 0.02% sodium azide and 1% BSA. Dual-channel fluorescences (GFP and PE) were observed simultaneously. Digitized images of confocal optical sections (2 µm) were compiled into final figures using Adobe PhotoShop software (version 5.0, Adobe Systems).
IFP
Cells were washed twice with ice-cold PBS, and lysed with 
Western blot analysis
For protein immunoblotting, the first round immunoprecipitates described above were subjected to SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was incubated with antibody against GFP (Clonetech). After incubation with horseradish peroxidase-conjugated secondary antibody, the membrane was visualized by enhanced chemiluminescence (ECL; Amersham, Piscataway, NJ).
Pulse-chase analysis
For pulse-chase analysis, transfected cells were starved in methionine-free medium for 50 min, pulsed with [ 35 S]methionine at 150 µCi/ml for 15 min and chased in medium containing excess of methionine (0.5 mM) for 180 min. Cells (5ϫ10 6 ) were collected, washed and lysed as described above. GFP-tagged K b molecules were recovered with anti-GFP antibody, while wild-type K b with antiserum to the C-terminal peptide encoded by exon 8 of the K b gene (anti-X8, kindly provided by Dr Nathenson, Albert Einstein College of Medicine) (11) . The immunoprecipitates were washed and treated with Endo H (Boehringer Mannheim, Germany) or under control conditions before analysis by SDS-PAGE and autoradiography.
Results
Secretion of soluble K b molecules in COS7 and CEM.NK R cells
We generated two modified K b cDNAs from which both the transmembrane region and the CYT were absent. One con- CP molecules within cells is unclear, for Northern blot analysis showed both constructs were expressed at almost the same level (data not shown). In order to determine whether calnexin plays a role in blocking the secretion of sK b CP from COS7, a similar experiment was done in CEM.NK R , which does not express calnexin at the mRNA and protein level (12) . Surprisingly, both sK b CP and sK b CYT were secreted from transfected CEM.NK R cells. Thus the results obtained from both COS7 and CEM.NK R indicate that the CP segment may participate in the association of class I molecules with calnexin.
We expanded the results in COS7 to other calnexin-positive cell lines, including mouse lymphoma EL4 and human leukemia Jurkat (Fig. 1) . Both cell lines did not secrete sK b CP after transfection. Due to different transfection efficiency, the secreted amount of sK b CYT was relatively lower as compared with transfected COS7. There was no marked difference in the expression pattern of soluble K b in both cells, although several studies have suggested that murine class I molecules behave differently in human and mouse cells (13) . It was shown that human β 2 m could much more readily associate with K b to form a stable conformation (14) . However, it still remains to be determined whether soluble HLA class I molecules have the same fate as K b .
The results obtained from a TAP-deficient cell line, RMA-S, were interesting. There was no dramatic difference of expres-sion between sK b CP and sK b CYT , especially the GFP-tagged versions. Thus, the secretion of soluble K b molecules might be in a peptide-dependent manner. It was known that RMA-S could express some endogenous empty K b molecules in its cell surface when cultured at 26°C (15) . However, because our ELISA system detected only the conformational epitope, we could not exclude the possibility that some soluble K b molecules were secreted from RMA-S cells.
Distribution of GFP-tagged soluble K b molecules
To further characterize the features of both truncated K b molecules within living cells, we attached GFP to the C-termini of both constructs, generating chimeric sK b CP -GFP and sK b CYT -GFP, and, as a comparison, to the full-length transmembrane counterpart (mK b -GFP). COS7 cells were transfected with all the three GFP-fused chimeric constructs respectively. The results from laser scanning confocal microscope showed markedly different fluorescence patterns (Fig. 2B) . While the mK b -GFP transfected cells showed the green fluorescence in the reticular network and the nuclear envelope, which are characteristic of the ER, sK b CP -GFP showed obviously lump fluorescence of high density within cells, indicating strong accumulation within some organelles. However, the distribution of sK b CYT -GFP was fairly uniform. In addition, both ELISA and fluorometry were used to examine the secretion of GFP-tagged soluble K b from transfected COS7 cells. Similar to GFP-untagged counterparts, only small amounts of sK b CP -GFP were produced in the supernatant, while much larger amounts of sK b CYT -GFP can be detected (Fig. 1) . On the other hand, the secretion of sK b CP -GFP was normal in CEM.NK R , resulting in a similar fluorescence pattern to sK b CYT -GFP (Fig. 2) . In contrast to CEM.NK R , GFPtagged K b molecules were obviously accumulated within RMA-S cells because of TAP deficiency, resulting in a similar fluorescence pattern as adherent COS7 cells transfected with sK b CP -GFP. It is noteworthy that mK b -GFP can be expressed on the cell surface as determined by K b -specific antibody staining ( Fig. 2A) . However, it is surprising to find the different cell surface expression level between mK b -GFP and the GFPuntagged natural counterpart. The mRNA expression level of both K b -GFP and K b was almost similar as determined by Northern blot analysis (data not shown), thus excluding the possibility of different transfection efficiency.
IFP analysis and Western blot
Not only can the intracellular localization of the GFP-tagged protein be monitored within living cells non-invasively (16) , its interaction with other proteins can also be analyzed quantitatively in a simple and rapid way. This approach, designated IFP, utilizes the fluorometry to detect the change of fluorescence intensity in the whole cell lysates before and after immunoprecipitation. Unlike standard immunoprecipitation using metabolic radiolabeling, in which only newly synthesized proteins can be labeled and analyzed, the method using biochemical tagging could put all of the tagged proteins into consideration. A similar quantitative method was the assay of β-galactosidase activity in the immunoprecipitates by fusing the β-galactosidase gene at the end of the cytoplasmic tail of the interested protein (17, 18) . More steps were needed in measuring β-galactosidase activity in the immunoprecipitates than IFP that avoids extensive washing of the immunoprecipitates. The amount of co-precipitated GFP-tagged proteins can be easily determined by calculating the different fluorescence intensity between preand post-precipitated whole cell lysates, thus increasing the sensitivity of detecting any weak interaction between proteins. The association with calnexin and tapasin may represent two stages of class I assembly within the ER. Calnexin interacts with newly synthesized chain (19) , while tapasin bridges the class I heavy chain-β 2 m with TAP, awaiting the loading of the appropriate peptide (20) . Generally, the amount of calnexinassociated, tapasin-associated and completely folded mature form represents almost the total class I molecules within cells. Thus, evaluation of the status of GFP-tagged class I molecules within cells could be performed by IFP using anti-calnexin, antitapasin and K b conformation-specific antibody.
Among the total mK b -GFP molecules within transfected COS7 cells, the K b conformation-specific antibody-reactive molecules were Ͻ10%, while nearly half of the mK b -GFP molecules were co-precipitated with calnexin (Fig. 3A) . This feature implies that GFP tagging may impede the maturation of membrane-anchored K b molecules. The retarded transport of mK b -GFP is consistent with the low cell surface expression detected by dual-cannel fluorescence analysis after PE-conjugated antibody staining as compared with wild-type K b (Fig. 2A) . To rule out the possibility that the association occurs after solubilization, cells transfected with GFP-untagged constructs and cells transfected with GFP-tagged counterparts were mixed before solubilization. No change in the proportion of co-precipitated fluorescence intensity was observed (data not shown). In contrast to COS7, the maturation of mK b -GFP was rapid in transfected CEM.NK R cells. IFP demonstrated that 65% of mK b -GFP were conformation-specific antibody-reactive in CEM.NK R cells.
An overlap can be seen from the results of IFP in the mK b -GFP-transfected CEM.NK R cells, in which the proportion of both tapasin-associated and mature form was Ͼ100%. It is still possible that the non-specific co-precipitation might exist in IFP experiments. We next performed dual-IFP analysis to examine possible non-specific co-precipitation. A slight overlap was observed in mK b -GFP-transfected COS7 cells between the association with calnexin and tapasin (Fig. 3B) . It is unlikely that GFP-tagged transmembrane K b can form intermediates consisting of both calnexin and tapasin. Thus non-specific co-precipitation indeed existed, but at Ͻ5%. It is interesting to find that some (~20%) sK b CP -GFP in transfected COS7 was neither associated with calnexin nor with tapasin. The fluorescence pattern of sK b CP -GFP in COS7 cells strongly suggests that the accumulation might occur in other organelles in addition to the ER. A possible explanation is that these molecules might under degradation within cytosol. Such possibility remains to be investigated. To further confirm the results obtained from IFP analysis, we next performed Western blot of the immunoprecipitates using anti-GFP antibody. Consistent results were obvious, although it is difficult for quantitative analysis (Fig. 4) .
Pulse-chase analysis
As an additional approach to the above question, we performed a pulse-chase analysis and compared the maturation rate of GFP-tagged and wild-type K b molecules in transfected COS7 and CEM.NK R cells. As shown in Fig. 5 , processing of chimeric mK b -GFP proteins into Endo H-resistant species was reduced in COS7 as compared with wild-type. It is noteworthy that the maturation of mK b -GFP was also retarded in CEM.NK R , while the transport of sK b CYT -GFP was much more rapid in CEM.NK R than in COS7 cells. The nature of the slight slower maturation rate of sK b CYT -GFP molecules in COS7 than in CEM.NK R is unclear. One possibility is that the assembly machinery might not be identical between these two different cell lines. An alternative explanation is that the expression level of delivered genes in COS7 cells is much stronger than in CEM.NK R , resulting in more newly synthesized class I molecules per cell for COS7.
Discussion
We firstly found that the soluble K b molecule containing CP segment (sK b CP ) did not secrete efficiently as the one without CP (sK b CYT ). It is unlikely that the sK b CP molecules misfolded within the ER of COS7, while sK b CYT folded properly and transported out of the ER. Both constructs were similar, only differing in their terminal nine residues. To further characterize the features of both soluble K b molecules within living cells, we attached GFP to the C-termini of both truncated molecules. The resulting intensified fluorescence from sK b CP -GFP indicates that most of such molecules were accumulated within cells. Furthermore, we designed a novel method, named IFP, in order to evaluate the association of various GFP-tagged K b molecules with other proteins. The results showed that 60% of sK b CP -GFP molecules were associated with calnexin, while Ͻ10% with tapasin. Taken together with the results from sK b
CYT -GFP and mK b -GFP, it is reasonable to deduce that CYT -GFP. Immunoprecipitation was performed using anti-calnexin, anti-tapasin (R.gp48N) and anti-K b (28-8-6s ). Immunoisolated molecules were subjected to 10% SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was blotted with antibody against GFP and visualized by enhanced chemiluminescence. the CP segment is involved in the association of class I molecules with calnexin.
However, it is critical to define whether the additional GFP tag might interfere with the folding process of the target protein (21) . Different consideration should be given to GFPtagged transmembrane K b and its soluble form. After the synthesis of GFP-tagged transmembrane K b heavy chain, only proximal domains of K b (α 1 , α 2 and α 3 ) entered into the lumen of the ER, while both the cytoplasmic domain and the following GFP-tag faced the cytosol. Thus, it is unlikely that the GFP-tag affects the lumenal domains across the membrane. As to the GFP-tagged soluble version, however, all the full-length chimeric chain entered into the lumen of the ER after its synthesis. The fact that the level of secreted GFP-tagged soluble molecules was comparable with that of GFP-untagged counterparts suggests that the interference of GFP tagging with the folding process of K b molecules, if it exists, is minimal.
The fact that the association of calnexin with the CP-containing soluble K b molecule almost blocks its transport raises an interesting question about how the wild-type K b , which also contains the CP segment, dissociates from calnexin and then transports to the cell surface. As yet, there have been no direct demonstrations of the molecular events determining the release of class I molecules from calnexin. The most plausible explanation is that the conformational change during class I assembly may induce the dissociation of many chaperones (22) . In human cells, class I binding to β 2 m is thought to cause dissociation of calnexin (23) . However, it is not the case for murine cells in which an increased association between calnexin and D b -β 2 m complexes was observed in TAP-deficient RMA-S cells (24) .
We speculate that the association of integral class I molecules with calnexin may involve a kinetic model in which the CP segment is necessary for the association with calnexin, while the transmembrane or cytoplasmic domain may regulate the release from calnexin. The fact that GPI-anchored class I molecules can be expressed normally on the cell surface suggests that the cytoplasmic tail may not play a major role in this process. Our results argue that the transmembrane domain or GPI might play an unexpected role in regulating the transport of class I molecules, although the difference between the transmembrane domain and GPI anchor cannot be defined at present. Generally the driving force could be generated from the potential movement of the transmembrane region along the plane of the membrane and can be perturbed by the addition of GFP at the end of the CYT (Fig. 2A) . However, deletion of the transmembrane region might lose the driving force, resulting in the almost permanent association with calnexin, as confirmed by the blocked transport of sK b CP -GFP in COS7 cells.
During the class I assembly process, the conformational change of the lumenal domains of class I molecules could induce calnexin dissociation by binding to other chaperones, such as calreticulin and tapasin. Compelling evidence suggested that the absence of either β 2 m or peptide could cause the increased association with calnexin (25, 26) . Thus the kinetic association of class I molecules with calnexin is a result of a balance involving several forces. The different role played by the CP and transmembrane domain is unexpected, and may provide evidence to explain the behavior of different MHC class I molecules. The analysis of the maturation rate of MHC class I molecules has shown marked differences between several class I alleles (27) (28) (29) . Interestingly, the fast and slow maturation alleles have different residues in the CP segment. The former, such as K b and K k , contain EPPPSTVSN in their CP segment, whereas the CP of the latter, such as D k , D b and L d , consists of EPPPSTDSY. Whether the two different residues (italic letter) determine the varied association forces with calnexin remains to be identified.
On the other hand, the forces provided by the transmembrane region might also play a role in preventing the degradation of class I molecules. Previous experiments suggested that the misfolded heavy chain could be removed from the ER to the cytosol and degraded by the proteasome (30) . However, the machinery responsible for this event is unclear. Our results imply that the calnexin-associated sK b CP could be more easily translocated from the ER lumen to the cytosol, suggesting calnexin might play an important role in mediating the 'retrotranslocation' by translocan (31) . Up till now, it has been much more difficult to analyze the exclusive forces than the associate interaction between transmembrane domains. The results obtained from detergent solution may not reflect the situation in vivo where the components of the complex remain membrane bound. It is known that the assembly machinery of the ER consists of some integral membrane proteins and several lines of evidence have also suggested that the transmembrane regions play different roles in their function (32, 33) . The subtle nature of the transmembrane interaction raises the prospect that other integral proteins may be similarly engaged in the putative kinetic model in regulating their transport within cells.
